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Numerous inflammatory cells are recruited in response to Cryptosporidium parvum infection. These cells
include interferon gamma-producing T lymphocytes, which are of major importance for the resolution of in-
fection. Here, we show that �7 integrin is not essential for the control of infection in mice but that �7-deficient
neonatal mice are more susceptible during the early stages of infection.

Cryptosporidium parvum is a protozoan parasite that infects
intestinal epithelial cells. In mammals, including humans and
domestic animals, C. parvum infection causes acute watery
diarrhea and weight loss. The severity of the infection depends
on the immune status of the host. Neonatal mice, which have
an immature immune system, are infected by the parasite but
recover naturally within about 3 weeks. Immunocompetent
adult mice are, on the other hand, resistant to severe C. parvum
infection unless they are immunodeficient, like SCID mice or
knockout mice (which lack CD40, CD154, gamma interferon
[IFN-�]) (6). This highlights the importance of immune
system development in young animals and of the recruit-
ment of key cells, such as IFN-�-producing T cells, involved in
protection processes.

The homing of lymphocytes to normal tissues and sites of
inflammation is partly regulated by the differential expression
of cell surface homing receptors and their selective interactions
with tissue-selective vascular adhesion molecules at sites of
lymphocyte recruitment from the blood (1). In mice, lympho-
cyte homing to the intestinal lamina propria involves a single-
chain 60-kDa glycoprotein, the mucosal addressin cell ad-
hesion molecule 1 (MAdCAM-1). The heterodimeric �4�7
integrin acts on leukocytes as a ligand for MAdCAM-1 (16). In
the case of intestinal inflammation, MAdCAM-1 expression
increases and is thought to allow inflammatory cells to reach
the site of inflammation (5). Another member of the �7 inte-
grin family, �E�7, is produced in large quantities by more than
90% of intraepithelial lymphocytes (IEL) (15). �E�7 mediates
their adherence to and retention in the intestinal epithelium by
interacting with E-cadherin. In addition to the high expression
of the �4�7 integrin, effector T cells homing to the small
intestine also express high levels of the chemokine receptor
CCR9 (2), whose ligand CCL25 is selectively secreted by small
intestine epithelial cells (10). �7 integrins and CCL25 are im-
portant for T-cell localization to intestinal effector sites, as
�7-deficient T cells are severely impaired in their ability to

localize to the intestinal mucosa and as neutralizing antibodies
to CCL25 partially block T-cell localization to the small intes-
tine epithelium (13, 17). A previous study examined the ex-
pression of chemokines in the mucosa of C. parvum-infected
neonates and underlined the importance of the broad spec-
trum of chemokines released upon the recruitment and
activation of T lymphocytes (11). Here, we addressed the
importance of the �7 integrin in the selective recruitment of
lymphocytes to the intestinal mucosa and the subsequent con-
trol of infection.

C. parvum, which was initially isolated from an infected
child, was maintained by regular passage in newborn calves and
was purified by filtration and diethyl ether sedimentation as
described previously (12). C57BL/6 �7-deficient mice (�7�/�)
and wild-type C57BL/6 mice were kindly provided by Norbert
Wagner (19). The dams and their pups were housed in indi-
vidual cages under pathogen-free conditions. Food and water
were available ad libitum. Three-day-old pups were orally in-
fected with 106 oocysts and were killed 4, 9, or 16 days postin-
fection (p.i.) for immunofluorescence staining or intestinal
C. parvum oocyst quantification. Immunofluorescence staining
was performed as described previously (11). Briefly, 7-�m-
thick acetone-fixed frozen ileum sections were incubated with
a rat anti-mouse �7 integrin monoclonal antibody (Pharmin-
gen, San Diego, Calif.) and then with a monoclonal anti-rat
biotin conjugate (Sigma, Saint Quentin Fallavier, France), and
finally they were incubated with an ExtrAvidin fluorescein iso-
thiocyanate conjugate (Sigma).

Following C. parvum infection, �7-integrin-positive cells
were observed in the villi and at intraepithelial locations in the
mucosa of infected wild-type neonates (Fig. 1). This reflects
the recruitment of activated T (11) and B lymphocytes and
possibly NK cells bearing the �7 integrin. We next investigated
the effect of the absence of the �7 integrin on the level of
infection at different times following infection. Whole intes-
tines of neonates were removed and individually homogenized
in 1 ml of water with an Ultra-turrax. Oocysts were quantified
in Sheather’s solution by using a Thoma cell. On day 4 p.i.,
�7�/� mice contained about threefold more oocysts than wild-
type mice, whereas no difference was observed at later time
points (Fig. 2). This experiment was repeated four times, with

* Corresponding author. Mailing address: Laboratoire de Contrôle
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similar results each time (Table 1). These data suggest that
although �7 integrin plays a role, its absence is rapidly com-
pensated for by alternative mechanisms, allowing the normal
resolution of infection by neonates. Fujimori et al. recently
showed, by using an intravital microscope, that the accumula-
tion of lamina propria lymphocytes in villus tips is almost
completely inhibited by anti-�7 integrin antibodies (3). The
importance of the �7 integrin in other enteric diseases affect-
ing neonates, such as rotavirus disease, has also been investi-
gated. Adoptive transfer experiments into Rag-2-deficient
mice showed that the B (9) and CD8� T cells that protect
against rotavirus are members of the �4�7 high population (8).
However, �7�/� mice can clear primary rotavirus infection as
quickly as wild-type animals. Depletion and transfer experi-
ments select cell populations, whereas experiments using �7-
deficient individuals help to show the importance of the inte-
grin. However, the cells that usually bear the integrin are still
present and functional in �7�/� mice. Other groups have re-
ported similar findings, showing the discrepancy obtained in
experiments using monoclonal antibodies blocking �7 integrin
and �7�/� mice (7, 18). It is possible that the �7 antibodies
used cross-reacted with molecules other than the �7 integrin.
This apparent contradiction may also be explained by the ex-
istence of a �7-independent mechanism responsible for lym-

phocyte migration to and/or retention in the intestine. In ne-
onates, in which the immune system is immature (4), the
absence of the �7 integrin is more crucial for the first step of
the immune response and leads to significantly increased par-
asite development. Accordingly, wild-type adult �7�/� mice do
not develop significant infection (data not shown). Therefore,
�7 integrin is not essential for the control of C. parvum infec-
tion.

�7 deficiency results in a defect in the recruitment and/or
retention of T cells in the absence of infection (19). We there-
fore studied the influence of �7 deficiency on T-lymphocyte
recruitment during C. parvum infection, as T cells are impor-
tant for the control of cryptosporidiosis (14). Immunohisto-
chemistry is not an appropriate method for following the re-
cruitment of T cells in the mucosa, because the infection is not
homogeneously spread in the ileum in the early stage of infec-
tion and because very few CD3� cells can be observed on
7-day-old neonates infected 4 days earlier (data not shown).
Thus, we decided to use quantitative real-time PCR (RT-PCR)
to measure the amount of CD3-� chain mRNA present in the
ileum. Ilea from neonates were individually crushed in 1 ml of
Trizol (Gibco-BRL, Life Technology, Cergy Pontoise, France)
with an Ultra-turrax. RNA was then purified as recommended
by the supplier. CD3-� chain mRNA was quantified on a Light-
Cycler (Roche Biochemicals, Mannheim, Germany) with the
SYBR Green dye and the Titanium Taq DNA polymerase
(Roche). The sequences of the primers are indicated in Table
2. The experiment was performed three times on pools of RNA
from neonates from different litters (for each pool, n � 6).
Values from one representative experiment are given after
normalization to �-actin. Ilea of 7-day-old uninfected �7�/�

neonates contained 2.18 times less CD3-� mRNA than did
those of wild-type neonates. This is consistent with the defect
in the recruitment and/or retention of T cells observed by
Wagner et al. for �7�/� mice (19). In contrast, 4 days p.i. the
ilea of 7-day-old infected �7�/� neonates contained 2.20 times
more CD3-� mRNA than did those of wild-type neonates,
suggesting that the number of CD3-�-positive cells in the ileum
reflects the severity of C. parvum infection. This hypothesis is
strengthened by the fact that at 9 days p.i., wild-type and �7�/�

neonates infected with similar amounts of parasites (Fig. 2)
contained equal amounts of CD3-� mRNA. During inflamma-
tion, CD3� cells are therefore recruited and/or retained effec-
tively in the mucosa by a �7-integrin-independent mechanism.
The nature of the alternative mechanism for the recruitment
and/or retention of lymphocytes in the absence of �7 integrin
is unknown but may involve chemokine receptors present on

FIG. 1. C. parvum induces the recruitment of �7-integrin-positive
cells in the ileum. Immunofluorescence in 7-�m frozen ileum sections
showing �7 integrin expression in wild-type neonates on day 9 p.i.
(B) and their age-matched controls (A). Three-day-old mice were
infected with 106 oocysts. Sections were counterstained with Evans
blue. Magnification, 200�.

FIG. 2. Course of infection in wild-type and �7�/� neonate mice
infected with C. parvum. Three-day-old wild-type (gray) and �7�/�

(light gray) mice were inoculated with 106 oocysts and were sacrificed
4, 9, or 16 days later. The parasite load in the intestine was then
determined. Each point represents the mean 	 standard deviation of
the number of oocysts (n � 6 to 9). A significant difference was
observed at day 4 p.i. (*, P 
 0.01 [Mann-Whitney test]).

TABLE 1. Effect of �7 integrin on parasite load in intestine of
wild-type and �7�/� neonates at day 4 p.i.

Expt
no.

No. of oocysts in the intestine on day 4 p.i. (105)a
Fold

increaseWild-type neonate �7�/� neonate

1 7.65 	 1.97 (n � 5) 21.54 	 5.29** (n � 6) 2.81
2 7.97 	 8.02 (n � 12) 14.61 	 5.82** (n � 16) 1.83
3 6.19 	 5.08 (n � 21) 10.28 	 4.95** (n � 34) 1.66
4 4.89 	 3.82 (n � 13) 10.63 	 8.17* (n � 27) 2.17

a P values were calculated by using the Mann-Whitney test (**, P 
 0.01; *, P

 0.05).
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Th1-type lymphocytes generated during C. parvum infection.
The increase of chemokine mRNA expression as soon as 4
days after C. parvum infection was previously shown by quan-
titative RT-PCR (11). These chemokines include CXCL9,
CXCL10, and CXCL11, all of which bind to CXCR3, and
CCL4, which binds to CCR5 (11). The CCR9 chemokine re-
ceptor is strongly expressed and is associated with �4�7-posi-
tive intestine-homing T cells (20), and CCL25, its ligand, is
selectively and constitutively expressed in the small intestine
(10). CCR9, CXCR3, and CCR5 are therefore prime candi-
dates for controlling tissue-specific T-lymphocyte recruitment
in the C. parvum-infected mucosa. To evaluate the effect of
infection on the presence of cells bearing chemokine receptors,
we carried out RT-PCR on the same samples used to quantify
CD3-� chain expression. Our results suggest that CCR5-,
CCR9-, and, to a lesser extent, CXCR3-positive cells are re-
cruited during C. parvum infection (Fig. 3). This recruitment is
most probably due to chemokines released in the infected
mucosa. In both wild-type and �7�/� neonates, we observed a
strong increase of mRNA expression for CCL4 and the
IFN-�-induced chemokines CXCL9, CXCL10, and CXCL11
(Fig. 3), whereas CCL25 expression is constitutive (data not
shown).

In conclusion, �7 integrin is not essential for the control of
infection in mice, but �7�/� neonates are more susceptible to
the early stages of C. parvum infection than their wild-type
counterparts. In the absence of �7 integrin, the recruitment of
lymphocytes in the infected mucosa may be sufficiently driven
by the interaction between the chemokines released by intes-
tinal epithelial cells and inflammatory cells and the chemokine
receptors present on the surface of lymphocytes.
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